2ϩ
-dependent adhesion molecules includes classical cadherins, protocadherins, desmosomal cadherins, and cadherinrelated proteins. It has been well established that members of the cadherin family are important for tissue morphogenesis (Gumbiner, 1996) . In the nervous system, cadherins are best known for their role in axon guidance and target recognition and, more recently, for a possible function in synaptogenesis. Accordingly, the complex pattern of expression of the dozen or so cadherins found in brain suggests how they may define the specificity of neural circuitry. While each type of cadherin occurs in neuronal cell types throughout the brain, the expres- more than one cadherin. Because each cadherin binds 1995) , as applied to the central synapse (Fannon and Colman, 1996;  primarily to cadherin molecules of the same subtype, see also Uchida et al., 1996) . Each cadherin repeat in the extracelluthe specific combination of cadherins expressed by a lar domain is represented as ovals. The EC1 domain, the cadherin neuron may limit its connection to only those target cells repeat most distal from the plasma membrane, is indicated by dark expressing an overlapping or identical set of cadherins gray ovals (arrow). Parallel strand dimers of the EC1 domains promote cis dimerization along the entire length of cadherins in the (reviewed by Colman, 1997; Redies, 1997; Serafini, 1997) . cellular region of classical cadherins, which consists of brain circuitry (Yamagata et al., 1995; Fannon and ColCa 2ϩ concentration before, during, or immediately following the tetanus to induce LTP. Note that cadherins man, 1996; Uchida et al., 1996) . What is the function of are not the first adhesion molecules suggested to be cadherins at mature synapses? One possibility is illusinvolved in LTP. The immunoglobulin superfamily of hotrated in the work of Tang et al. (1998 [this issue of mophilic Ca 2ϩ -independent adhesion molecules, includNeuron]), who examined the effect of antibodies or inhibing NCAM and L1, and the integrin family of extracellular itory peptides against N-and E-cadherins-two major matrix receptors have also been implicated (Luthi et al. neuronal cadherins-in the use-dependent changes in 1994; Staubli et al. 1998) . Functional NCAM appears to synaptic strength in the hippocampus.
be necessary during the induction of LTP, much like the LTP is an activity-dependent, long-lasting increase in cadherins. In contrast, integrins are required immedisynaptic transmission whose mechanisms have been ately after the induction but not necessarily during the actively pursued as the cellular substrate for particular induction of LTP (Staubli et al., 1998) . It remains to be forms of learning and memory (Stevens, 1998) . The inseen how these adhesion molecules act in concert to duction of LTP is known to require the activation of exert the changes in synaptic function required for LTP. postsynaptic neurotransmitter receptors; however, preHow might cadherins regulate the induction of LTP? cisely how the alteration in synaptic strength is achieved,
We entertain the following two scenarios of cadherin either by a pre-or postsynaptic change, remains controinvolvement: (1) direct modification of the structural versial. While changes in synaptic strength lasting hours elements of the synaptic active zone and (2) regulamay be sufficient for short-term memory, long-lasting tion of the signaling pathways required for LTP. In the memory is likely to involve permanent changes in neural first scenario, cadherin activation during LTP inducconnectivity, perhaps requiring remodeling of synaptic tion could initiate rearrangements in cadherin-cateninconnections.
cytoskeleton interaction. Such changes could provide Schuman and colleagues investigated the role of N a transsynaptic signal that coordinates changes in preand E-cadherins in LTP by disabling the adhesive propand postsynaptic components of the active zone reerties of these molecules. Incubation of hippocampal quired for maintaining enhanced synaptic strength (see slices with antibodies recognizing the extracellular epiEdwards, 1995). For example, this could involve expantope, or perfusion of excess inhibitory peptides consion of the existing active zone that accompanies an taining the HAV sequence thought to be necessary for increase in docked vesicles presynaptically and inhomophilic cadherin interaction, greatly reduced the sertion of neurotransmitter receptors postsynaptically. magnitude of LTP. The inhibitory effects were specific Moreover, cadherin activation could increase the numto LTP in that baseline synaptic transmission and shortber of synapses by splitting existing synapses or by term plasticity (facilitation) were unchanged. No addipromoting new synapse formation. As the functiontional inhibition of LTP was observed when HAV pepblocking antibodies and peptides have no effect 30 min tides derived from N-and E-cadherins were tested in after LTP induction, any structural modifications must combination, which was unexpected given the mutually be initiated within that time. In the second scenario, exclusive distribution of N-and E-cadherins at individual cadherins could regulate the signaling pathways resynapses (Fannon and Colman, 1996) . This suggests quired for LTP. For example, catenin activation in the that the peptides may have affinity for both, or possibly postsynaptic compartment-where LTP induction is additional, yet to be identified, cadherins.
triggered-could transsynaptically regulate the presynSynaptic regulation mediated by cadherins may be aptic release machinery via cadherins that span the more dynamic than anticipated, as suggested by the pre-and postsynaptic membranes. Note that a soluble following observations. First, the inhibitory effects of retrograde messenger, popularly suggested to mediate cadherin peptides and antibodies on LTP were blocked presynaptic changes that accompany LTP, would not be by raising the extracellular Ca 2ϩ concentration from 2.5 necessary in this case. Alternatively, cadherin inhibitors mM to 5 mM. While the protective effect of elevated Ca 2ϩ could disable the function of proteins that are normally may be caused by increased stability of the interaction required for the induction of LTP. In this case, even between cadherin molecules that prevents access to though cadherins would not be directly involved in the the antibodies or peptides, the important point is that signaling pathways responsible for potentiation, cadthe adhesive state of synaptic cadherins may be highly herins could influence the degree of potentiation. Such sensitive to small physiological changes in extracellular an indirect role for cadherins could be ruled out by demCa 2ϩ . Second, the block of LTP by the inhibitors of cadonstrating that cadherin activity is modulated during herin adhesion is only effective if the inhibitors are pres-LTP induction. It would also be of interest to determine ent during the induction of LTP; application of the HAV whether the downstream effectors of cadherins are capeptides 30 min after induction has no effect on maintepable of inducing long-lasting increases in synaptic nance of LTP. Thus, cadherins appear to play a role in strength. establishing LTP, indicating a dynamic state of synaptic A New Branch of the Cadherin Family Is adhesion, possibly involving transsynaptic signaling, at
Revealed by Fyn the time of LTP induction. Do cadherins need to be Additional evidence for a link between the cadherin famactivated during the tetanus used to induce LTP? The ily and synaptic function has been unexpectedly found time dependence of the effect of cadherin peptides or by another study (Kohmura et al., 1998 [this issue of antibodies might be examined more closely by taking Neuron]). While searching for proteins that directly interadvantage of the protective effect of high Ca 2ϩ . The act with Fyn, a Src-related nonreceptor tyrosine kinase, slices could be preincubated with the peptide or antiYagi and colleagues identified a new family of cadherinbody and high Ca 2ϩ . Then, a narrow window of cadherin like genes, which they termed the cadherin-related neuronal receptor (CNR) family. This new cadherin subfamily inactivity could be temporarily created by reducing the exhibits homology with the classic cadherins in the exand detection of extracellular adhesive interactions by the intracellular domain? Furthermore, how do changes tracellular domain but is quite divergent in the intracellular domain. The extracellular domain is composed of six in individual cadherin molecules cooperatively alter the macroscopic adhesivity to bring about changes in cadherin repeats (unlike the five of the classic cadherins) and an additional RGD motif, the consensus integrin synaptic activity? Before these questions can be addressed, however, detailed knowledge of the threebinding sequence, contained within the first cadherin repeat, EC1. The CNR family may consist of as many dimensional structure of these molecules is required. Recent biophysical investigations of cadherin structure, as 20 individual genes that are found in a variety of brain regions and cell types, with strong expression at in combination with functional studies, have begun to yield important clues about the mechanics of cadherin synapses. Based on the expression pattern and the close homology to other cadherins, we suppose that function. Three-dimensional structures for cadherins have been CNRs are likely to play a significant role in axon guidance, target recognition, and synaptogenesis, much like proposed based on NMR and X-ray crystallographic studies of the isolated EC1 domain of N-cadherin and the classical cadherins. Supportive of this assertion is the observation that mice homozygously deficient in the EC1-EC2 fragment of N-and E-cadherin (Tamura et al., 1998; reviewed by Colman, 1997). The EC1 domain Fyn and presumably lacking in CNR-mediated cellular regulation that is dependent on Fyn display morphologiof N-cadherin was found to dimerize in two different ways. The first, an anti-parallel orientation, could reprecal defects in the neuronal architecture of the hippocampus and decreased neurite outgrowth (see Kojima, 1997, sent the trans interaction between cadherin molecules from apposing cell membranes. The second, a parallel for references).
Extending the apparent parallelism between cadhercis orientation-as if originating from the same cellforms what has been called a strand dimer. Each EC1 ins and the CNRs, one can conjecture that the CNRs also play an important role in LTP. In order to appreciate monomer appeared to accommodate both types of interaction but no more than one each, thereby producing the attractiveness of Fyn and CNRs in this capacity, it is important to briefly summarize the evidence linking the striking zipper-like structure (Figure 1) . In this zipper model, strand dimers of opposite orientation alternate Fyn and LTP. Fyn Ϫ/Ϫ mice are impaired in LTP induction and spatial learning (Grant et al., 1993) . The additional in an intercalating pattern. Are the cadherin zippers physiologically relevant? A new study addressed this morphological defects in these mice suggest that the block in LTP induction may be due to the abnormal question by investigating the potential role of strand dimers, which is central to the zipper model, in producdevelopment of these mice; however, if Fyn expression is induced later in the adult animal, LTP is rescued, ing functional intercellular adhesion (Tamura et al., 1998 [this issue of Neuron]). even though the morphological defects are still present (Kojima, 1997) . These data indicate that Fyn activity may
The sequence and X-ray structure of the EC1 fragments indicate the residues important for the strand be a specific requirement of LTP. It would be of interest to determine if and by what mechanism the CNR-Fyn dimer interaction. Specifically, a tryptophan residue from one EC1 fragment fits into the acceptor pocketassociation regulates LTP induction. It is possible that LTP induction increases Fyn activity, which could in containing two conserved alanine residues-of another EC1 fragment in the same orientation. Guided by this turn regulate synaptic strength by acting on the CNRs, perhaps causing changes in synaptic structure critical structural data, Tamura et al. (1998) performed sitedirected mutagenesis of the key residues and ectopito the expression of LTP, much like the proposed function for N-and E-cadherins in LTP discussed above.
cally expressed the mutant forms of cadherins in L cells to monitor cell aggregation. Robust cell adhesion, which In addition, the CNRs could regulate synaptic functions that are distinct from those regulated by cadherins is normally dependent on expression of wild-type cadherin, was eliminated by substitution of amino acid resisuch as modulating synaptic strength under basal conditions and during short-term plasticity. Morphologically dues, including the tryptophan, which would sterically prevent the otherwise snug interaction between the two at least, the subcellular localization of CNRs appears different from that of classical cadherins. The CNRs are EC1 fragments. Strand dimers thus appear to play an important biological role in cell adhesion. Nevertheless, found within the active zones-the subsynaptic region thought to be critical for vesicle docking and fusion it remains to be seen how exactly the strand dimers behave within the context of the intact cadherin molepresynaptically and sequestering neurotransmitter receptors postsynaptically. This localization is in contrast cule as indicated by the following confounding result. Perplexingly, the EC1-EC2 fragments from N-or to enrichment of catenins, and probably of cadherins bound to catenins, in the area bordering the active zones E-cadherin do not dimerize in either cis or trans orientation and remain as monomers. This could be caused by (Uchida et al., 1996) . Altogether, the potential mechanisms of regulating synaptic function via cell adhesion the presence of three Ca 2ϩ ions complexed between the two domains, whose effect is to rigidify the structure. molecules have been greatly expanded by the identification of the novel family of synaptic cadherin-like pro-
The binding of Ca 2ϩ ions apparently exposes the key hydrophobic residues involved in the strand dimer forteins. The Role of EC1 Domain in Coordinating mation to the solvent, leaving the strand dimer interface highly disordered. The lack of higher order structures Intercellular Adhesion Cadherin-mediated regulation of LTP is most likely due in the presence of Ca 2ϩ is unexpected from the Ca 2ϩ dependence of cadherin-mediated cell adhesion and to their function as mechanical transducers of intra-and intercellular signaling. So then what is the underlying also in consideration of the physiological function of strand dimers for promoting cell adhesion, as suggested structural feature of cadherins that permits regulation by the site-directed mutagenesis experiments. It is thus synaptic function. The next several years will undoubtedly be an exciting time for the structural molecules premature to speculate as to whether the EC1 strand dimers or the Ca 2ϩ -bound, monomeric EC1-EC2 fragpresent at synapses. ments mimic part of the active or inactive conformation.
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Altogether, the emerging picture of synaptic junctions in the brain is that it is a highly dynamic structure. While we often think of shuttling synaptic vesicles as the central moving parts of synapses, the active zone may not be as static as it seems from the electron micrograph pictures with which we are all familiar. The participation of increasing numbers of synaptic cell adhesion molecules in the regulation of synaptic efficacy opens up new angles from which to approach myriad aspects of
